surfaces of sinking particles, a process referred to as "scavenging". Both of these factors result in very low concentrations in seawater. Thus, these metals are thought to have a potential use as an oceanographic tracer (McKelvey and Orians, 1998) . Mo and W are dominated by oxyacid species, and are more soluble than hydroxide species (Turner et al., 1981) . Some papers on their oceanic distributions have been published. Boswell and Elderfield (1988) were the first to report the D-Zr and Hf concentrations in open ocean seawater, in addition to that in river and coastal water. They found that D-Zr in surface and deep water of the Indian Ocean was 80 and 185 pmol kg -1 , respectively, whereas it was 200 pmol kg -1 in the Atlantic deep water. They reported that D-Hf was 19-22 pmol kg -1 . McKelvey and Orians (1993) reported the first vertical profile of D-Zr in the ocean from the central North Pacific. They found that D-Zr ranged from 12-95 pmol kg -1 in surface water to a maximum of 300 pmol kg -1 in deep water. Godfrey et al. (1996) reported that the concentration of D-Zr and Hf in the northeastern Atlantic Ocean was in the range 70-180 pmol kg -1 and 0.4-1.1 pmol kg -1 , respectively. They stated that the distributions with depth indicate a nutrient-like scavengingregeneration behavior, although the dissimilarity with silicate and nitrate in samples below the nutricline suggest
Introduction
Zr, Hf, Nb, Ta, Mo and W are adjacent metals in the periodic table, known as "high field strength elements" (HFSE) (Rudnick and Gao, 2005) , and are of great interest in geochemistry. During the fractional crystallization of magma or magma generation by the partial melting of mantle, HFSE cannot easily enter cation sites of the minerals and concentrate in the magma (liquid phase). Because of their close chemical similarities (e.g. ionic charge and ionic radius), the ratios of Zr to Hf, Nb to Ta and Mo to W show limited variations in crustal materials (Jochum et al., 1986; Li, 2000) . The average mole ratio in the bulk continental crust is estimated to be 69 for Zr/Hf, 22 for Nb/Ta and 1.6 for Mo/W (Rudnick and Gao, 2005) .
In seawater, Zr, Hf, Nb and Ta are classified as "refractory metals" (Orians and Merrin, 2001) and are dominated by hydroxide species (Turner et al., 1981) . They are not readily dissolved in seawater. Their supply to the ocean is low relative to their abundance in the crust. They are rapidly removed from solution by interaction with the that other mechanisms are also important in defining the oceanic distribution of Zr and Hf. McKelvey and Orians (1998) (Sohrin et al., 1987 (Sohrin et al., , 1999 . Our group also reported the vertical profiles of D-Zr, Hf, Nb, Ta, Mo and W in the western North Pacific (Sohrin et al., 1998) . DZr and Hf were in the range 30-250 and 0.10-0.85 pmol kg -1 , respectively. The mean concentrations of DNb in surface and deep water were 3.0 and 3.8 pmol kg -1 , respectively, and those of D-Ta were 0.08 and 0.20 pmol kg -1 . D-Nb showed a slight depletion in surface water and D-Ta showed a slight increase near the bottom. All samples in these previous reports were filtered through a filter with a pore size of 0.45 or 0.2 µm, and therefore the concentrations are those of dissolved species.
Recently, we have developed a new analytical method to determine these metals in seawater (Firdaus et al., 2007) . The method was applied to the seawater samples taken from the western North Pacific Ocean. A portion of seawater for D species was passed through a 0.2 µm filter and acidified to pH 2.2 with HCl and HF. A portion of seawater for acid-dissolvable (AD) species was acidified without filtration. AD metals consist of the dissolved fraction and the labile particulate (LP) fraction that was dissolved during storage. The latter fraction would contain species such as those adsorbed on clay minerals, iron oxyhydroxide and manganese oxide, and those incorporated in organisms (Ezoe et al., 2004) . Here, we present for the first time the full depth-profiles of Zr, Hf, Nb, Ta, Mo and W in the form of D and LP species in the western North Pacific Ocean. We also analyzed various hydrospheric samples such as river and rain water. Therefore, together with seawater, we provide a more comprehensive discussion of the distributions of these six metals in the hydrosphere.
Materials and Methods
The detailed analytical method has been published elsewhere (Firdaus et al., 2007) .
Chemicals
Ultra-high purity CH 3 COOH, NH 3 (Tamapure AA-100, Tama Chemicals, Japan), HF and HNO 3 (Ultrapur-100, Kanto Chemical, Japan) were used for the analysis of seawater. Metal standard solutions (1,000 mg L -1 ) were obtained from Wako Pure Chemical, Japan. Working standards in the range of pmol kg -1 -nmol kg -1 were prepared in a low-density polyethylene (LDPE) bottles (Nalge Nunc Int., USA) by dilution on a weight basis. Ultra pure water prepared with a Milli-Q water system (Gradient A-10, Millipore, USA) and was used to prepare all solutions. This is referred to as Milli-Q water hereafter.
Samples
Seawater samples were collected from four stations (Fig. 1) during the MR05-01 cruise of R/V Mirai (JAMSTEC) on March 2005 using a CTD carousel, on which Niskin-X samplers were mounted. The interior of the samplers was coated with Teflon and cleaned with detergent and HCl. Seawater was transferred from the sampler to LDPE bottles on deck using a silicon tube and filling bell to avoid contamination by airborne particles. Samples were immediately brought into a clean room laboratory (class 100) on the vessel. A portion of seawater for the D species was passed through a 0.2 µm Nuclepore filter (Costar, USA) using a closed filtration system and acidified to pH 2.2 with HCl and HF. A portion of seawater for the AD species was acidified without filtration. These samples were stored at ambient temperature for 7 months until analysis. Only D species were determined in the samples from station KNOT.
We also determined the metal concentrations of D species in several hydrospheric samples. Rainwater was collected on the roof of a 5-story building at the Uji Campus, Kyoto University. respectively. The Uji River water was collected near the Uji Campus in the first week of October 2006. SLRS-3 is a river water reference material for trace metals (National Research Council Canada), which is derived from the Ottawa River, Canada. CASS-3 is a near-shore seawater reference material for trace metals (National Research Council Canada), which is derived from the Halifax Harbor, Canada. The concentrations of Zr, Hf, Nb, Ta, Mo and W have not previously been reported for both SLRS-3 and CASS-3.
Procedure for preconcentration and determination
A closed preconcentration system with a TSK-8-hydroxyquinoline resin (TSK-8HQ) column was used to preconcentrate the analytes. Prior to use, the column was washed by flushing with 20 mL of 5 M HF. Diluted CH 3 COOH-NH 3 buffer (10 mL, 10 -3 M, pH 5.2) was passed through to condition the pH in the column. The sample solution was buffered with 10 -3 M CH 3 COOH-NH 3 to pH 5.2 and then passed through the column, followed by 10 mL of the diluted CH 3 COOH-NH 3 buffer to remove the sea salts remaining in the column. Finally, the adsorbed metals were eluted by back flushing with 20 mL of 5 M HF. The eluate was evaporated to dryness using a closed evaporation system. The metals were then re-dissolved in 5 mL of 0.5 M HNO 3 and made ready for determination.
Concentrations 
Results

Hydrography
Data on temperature and salinity together with the dissolved and acid-dissolvable trace metals are summarized in Appendix. Figure 1 shows that the three northern stations were located in the Western Subarctic Gyre (WSG), whereas station 35N (35°N, 160°E) was located at the southern edge of the Mixed Water Region (Qiu, 2001; Tatebe and Yasuda, 2004) . A T-S diagram (Fig. 2) indicates that the Pacific Deep Water (PDW; T = 1.4-1.9°C, S = 34.56-34.69) occupied deep water (>2,000 m) at all stations. In the northern three stations (K1, K2 and KNOT), surface water was dominated by the Pacific Subarctic Upper Water (PSUW; T = 1.4-2.3°C, S = 33. 16-33.23; Emery, 2001) . Surface water of the lowest latitude station (35N) was strongly affected by the Western North Pacific Central Water (WNPCW; T = 12.7-13.7°C, S = 34.32-34.42). The salinity minimum at depths from 250 to 400 m of station 35N was characterized as the North Pacific Intermediate Water (NPIW; T = 5.1-7.9°C, S = 33.97-34.02).
Vertical profiles of D and LP trace metals
Figures 3 and 4 show vertical profiles of D and LPZr, Hf, Nb, Ta, Mo and W at stations K1 and 35N, respectively. The vertical profiles at stations K2 and KNOT are similar to those at station K1. D-Zr, Hf and Ta show an increase with depth. D-Nb shows a slight depletion in surface water and a slight enrichment in bottom water. The lowest concentrations of Zr, Hf, Nb and Ta in surface water are found at station 35N, which is the most pelagic among the four stations. The distribution of DMo and W are uniform both vertically and horizontally. The concentration is 100 ± 3 nmol kg -1 for Mo and 46 ± 3 pmol kg -1 for W (n = 94). Previously, we reported the vertical profiles of these metals at station A (45°N, 164°E; Sohrin et al., 1998) , which is close to stations K1 and K2. D-Nb at station K1 is 1 to 3 pmol kg -1 higher than that at station A. D-Ta at station K1 is also higher in the upper water column in comparison with that at station A. This is probably because the previous eluent of 0.5 M nitric acid containing 10 -2 M oxalic acid resulted in a lower recovery of Nb and Ta than the 5 M HF that we used as eluent in this study. Moreover, our D-Zr, Hf, Mo and W data are oceanographically consistent with the previous studies (Collier, 1985; Sohrin et al., 1987 Sohrin et al., , 1999 Godfrey et al., 1996; McKelvey and Orians, 1998). LP-Zr and Hf are nearly constant from surface to 3,000-3,500 m depths at stations K1 and K2, and increase to the bottom. The increase starts at a 1,500 m depth at station 35N. LP-Nb is enriched in both surface and bottom water. The surface maximum is more prominent in WSG. LP-Ta is almost constant from the surface to 3,000-4,500 m depths and shows enrichment in bottom water. LP-Mo and W have a uniform profile throughout the water column.
Compared to the AD species at the same depth, LPZr ranges from 3% at mid-depth to 24% in bottom water. LP-Hf ranges from less than 2% in surface water to 25% in bottom water. LP-Nb ranges from less than 1% at middepth to 27% in surface water, while LP-Ta ranges from less than 4% at shallow and mid-depths to 19% above the bottom. On the basis of data from the three stations, the percentage of LP is 1.7 ± 2.2 for Mo and 3.4 ± 4.2 for W (n = 70). These values suggest that the LP species are negligible for Mo and W. Table 1 summarizes the D metal concentrations in various hydrospheric samples, together with some literature data. There are 2.0-3.3 fold variations in the concentrations of Zr, Hf, Nb, Ta, and W among the three different rain samples. Mo shows a larger variation (8.9 fold).
Hydrospheric samples
The concentrations of Zr and Hf in the Uji and Ottawa Rivers agree well with the literature data. However, our Hf concentrations are one order lower than the world average. Reports of Nb and Ta data for river water are scarce. Our data seem to be consistent at least with the available data. The Mo concentrations in the Uji and Ottawa Rivers agree well with the literature data, except for the high concentration in the St. Lawrence River. W in river water shows much larger variations than Mo. W concentration reached 3.3 × 10 3 pmol kg -1 at the Yodo River estuary, which is located in an industrial metropolis, Osaka City. Arnorsson and Oskarsson (2007) found that the W concentrations in river and stream water in the Tertiary tholeiites area in Iceland lie in the range of 27 pmol kg -1 -1 nmol kg -1 . In the Atlantic coastal seawater, CASS-3 and NASS-5, the concentrations of Zr, Hf and Ta are high compared with those in Pacific surface waters. Figure 5 shows the dissolved mole ratio of various hydrospheric samples, where the ratio of continental crust and sediment (pelagic clay) is plotted together as a dotted and broken line, respectively. Zr/Hf and Nb/Ta concentrations in rain water show slightly higher ratios than the crustal ratio, whereas that of Mo/W is substantially higher than the crustal ratio. Therefore, it is obvious that the rain water samples are highly enriched in Mo, probably due to anthropogenic sources. Uji City, where the rain water samples were collected, is one of the industrial cities in the southern Kyoto area. Industrial and vehicular activities probably form the main source of Mo detected in the rain water samples. Mo is used as an alloying metal in steels, cast irons, and super alloys. A significant amount of Mo is used in catalyst preparation (Park et al., 2006) . Molybdenum sulfide is added to gasoline as a lubricant. Our group reported the concentrations of W in rain water collected in Otsu City, which is contiguous with Uji City (Mito et al., 2004) . The W concentrations varied from 9.5 to 2.2 × 10 3 pmol kg -1 . Thus, it is likely that W in these rain water samples is also affected by anthropogenic contamination. The Zr/Hf, Nb/Ta and Mo/W mole ratios of the Uji River and SLRS-3 lay between the crustal and seawater ratios, except that the Nb/Ta ratio in the Uji River is slightly lower than the crustal ratio. The ratios of Zr/Hf, Nb/Ta and Mo/W generally increase in the order continental crust < river water < coastal sea < open ocean. The largest variation of Zr/Hf and Nb/Ta occurs in seawater, which reach to 3-5 fold higher values than the crustal ratios. The Mo/W ratio shows a small variation in seawater. However, the ratio in seawater is 2,000 times higher than the crustal ratio. Thus, the Mo/W pair shows much greater fractionation in the hydrosphere than that of Zr/Hf and Nb/Ta. Profiles of D-Zr/Hf, Nb/Ta and Mo/ W mole ratios in the western North Pacific are shown in Fig. 6 . The D-Mo/W ratio shows a uniform profile throughout the water column, with an average of 2,200 ± 160 (n = 94). Thus, it seems that D-Mo and W are hardly fractionated in the oxic ocean.
Discussions
Elemental fractionation in the hydrosphere
The D-Zr/Hf ratio increases with depth and becomes relatively constant in PDW (Fig. 6) . The average Zr/Hf ratio from the surface to 200 m is 207 ± 25 (n = 36). At 250 to 500 m depths at station 35N, the Zr/Hf ratio is decoupled from that at the other three stations, with an average of 209 ± 12 (n = 3). The decoupled Zr/Hf ratio at station 35N should be a signature of NPIW, which passes through this station at depths of 250-400 m. The ratio at the same depths for stations K1, K2 and KNOT is 271 ± 35 (n = 9). The average ratio in PDW is 341 ± 34 (n = 30). These results suggest that the difference in the Zr/Hf ratio is probably due to different water masses. The potential usage of D-Zr/Hf elemental ratios as water masses tracer is also revealed in the plot of D-Zr/Hf to Sigma-θ (Fig. 7) . Each water mass has a unique set of D-Zr/Hf and Sigma-θ. The four different water masses are clearly identified in Fig. 7 .
Our D-Zr/Hf profile is similar to that reported for a station in the eastern North Pacific (55°N, 145°W; Orians and Merrin, 2001 ). Godfrey et al. (1996) reported that the D-Zr/Hf ratio in the northeastern Atlantic varies between 164 and 250. These data imply that the Zr/Hf ratio increases with deep water circulation. D-Zr is enriched in PDW compared to NADW. By contrast, the concentrations of D-Hf are relatively constant between the Atlantic and Pacific, which is similar to the case of D-Fe (Johnson et al., 1997) . This could be attributable to the fact that D-Hf is more intensively scavenged in deep water Fig. 5 . D mole ratios in various hydrospheric samples. The dotted line shows the crustal ratio (data from Rudnick and Gao, 2005) , the broken line shows the pelagic clay ratio (data from Li, 2000) . than D-Zr. LP-Zr/Hf shows a larger variation in the upper water column, with peaks at 100-175 m depths (Fig.  8) . The LP-Zr/Hf ratio is 319 ± 76 (n = 22) in PDW. Although this value is close to the D-Zr/Hf ratio, it is much higher than the Zr/Hf ratio of 91 in pelagic clay. These results suggest that LP-Zr and Hf originate from the scavenging of the dissolved species in deep water. Conversely to Zr/Hf, the D-Nb/Ta mole ratio in surface water (0-200 m depths) is higher (with an average of 42 ± 7.2; n = 56) than that in PDW (33 ± 4.7; n = 30; Fig. 6 ). The LP-Nb/Ta ratio is high and variable in surface water, with a minimum of 9 ± 5.5 (n = 9) at 2,000-3,000 m depths and a maximum of 25 ± 11 (n = 13) in bottom water (3,500 m-bottom; Fig. 8 ). The LP-Nb/Ta value in bottom water is close to the Nb/Ta ratio of 24 in pelagic clay. Thus, it is probable that the mechanism controlling the LP mole ratio is different between Nb/Ta and Zr/Hf. D-Nb and Ta have an intermediate profile between a Zr type and a Mo type, suggesting weak scavenging. Thus, it is likely that the increase of LP-Nb and Ta in bottom water can mainly be attributed to re-suspension of sediment.
Residence time
For a well-stirred, steady-state ocean, residence time of a metal (τ) is defined as:
Mean concentration of the metal in the ocean Ocean volume Total input of the metal per year .
Here we estimate τ of the dissolved species. τ is calculated based on two major inputs of the metals to the ocean: river and atmospheric inputs. Due to scarceness of data, we ignore other possible inputs, such as hydrothermal, submarine groundwater discharge and sediment fluxes.
The mean concentration in the well-stirred, steady- (Nozaki et al., 1997) , and using the data in Table 1 18 pmol y -1 . We obtain τ of 4,700 y for Zr; 2,200 y for Hf; 4,600 y for Nb; 3,900 y for Ta; 740,000 y for Mo and 14,000 y for W. The τ calculation for Nb and Ta is the first to be reported. The τ for Zr and Hf agrees well with the previous calculations of 5,000-5,600 y for Zr and 1,300-1,500 y for Hf (Godfrey et al., 1996; Sohrin et al., 1998) . The τ for Mo and W seems to be shorter than previous reports, which give 800,000 y for Mo and 61,000 y for W (Sohrin et al., 1998; Morford and Emerson, 1999) . This is probably due to pollution of Mo and W in the rain water samples that we obtained for this study.
Box model
D-Zr and Hf exhibit vertical profiles with surface depletion (Figs. 3 and 4) , which closely resemble those for light rare earth elements (Nozaki, 2001) . To describe the geochemical cycling of D-Zr and Hf in the ocean, such as removal from surface water by scavenging of particulate matter, a two-box, steady-state model is calculated here in accordance with the model for Y and Ho (Nozaki et al., 1997) . The change in concentration of Zr in the surface-ocean box with time is: Similarly, for Hf we have: pmol kg -1 , respectively. Finally, we found that K D = 1.2. Thus, the first-order removal rate constant of Zr in surface water is 1.2 times higher than that of Hf. The rapid removal of Zr from surface water is balanced by the high flux of Zr from deep water (about 10 times higher than its river flux), which probably results from regeneration of scavenged Zr, and/or a deep water source of Zr, such as hydrothermal flux. This result is consistent with the low D-Zr/Hf mole ratio in surface water (Figs. 5 and 6 ).
Conclusions
Here we have demonstrated that different water masses can be traced using the D-Zr/Hf mole ratio. The water mass signatures of WNPCW, NPIW, PSUW and PDW were successfully identified in the western North Pacific Ocean. We found that the bottom enrichments of LP-Zr and Hf are due to scavenging, whereas those of Nb and Ta are due to re-suspension of sediment. LP-Mo and W concentrations are negligible.
Although the Zr/Hf, Nb/Ta and Mo/W ratios lies in a narrow range in most rocks, the ratios start to become fractionated when the metals are introduced into the hydrosphere. The Zr/Hf, Nb/Ta and Mo/W ratios generally increase in the order continental crust < river water < coastal sea < open ocean.
To gain a better understanding of the behavior of these metals in the ocean, the study should be continued, with an emphasis on several points, as follows: (1) Analyze total suspended particulate matter as compared with LP; (2) Observe the ocean sections and examine the horizontal distribution of these metals; (3) Evaluate the hydrothermal, submarine groundwater discharge and sediment fluxes; and (4) Clarify the mechanism of the fractionation. 
